[1] Large dams can have major ecological and biogeochemical impacts on downstream ecosystems such as wetlands and riparian habitats. We examined sediment removal and carbon (C), nitrogen (N), and phosphorus (P) cycling in Itezhi-Tezhi Reservoir (ITT; area ¼ 364 km 2 , hydraulic residence time ¼ 0.7 yr), which is located directly upstream of a high ecological value floodplain ecosystem (Kafue Flats) in the Zambezi River Basin. Field investigations (sediment cores, sediment traps, water column samples), mass balance estimates, and a numerical biogeochemical reservoir model were combined to estimate N, P, C, and sediment removal, organic C mineralization, primary production, and N fixation. ), and significant N-fixation ($30% for the total primary production) was required to support primary production due to marginal inputs of inorganic N. Model simulations indicate that future hydropower development in the reservoir, involving the installation of turbines driven by hypolimnetic water, will likely result in the delivery of low-oxygen waters to downstream ecosystems and increased outputs of dissolved inorganic N and P by a factor of $4and$2 compared to current dam management, respectively. 
Introduction
[2] Inland waters are important at regional and global scales as regulators of sediment, organic carbon (OC), and nutrient transport from land to ocean [Cole et al.,2007; Seitzinger et al.,2005; Vörösmarty et al., 2003] . In the last century, anthropogenic activities have substantially affected this transport, mainly through the construction of $45,000 large dams. Dams and their reservoirs have increased the retention of suspended sediments, with an estimated particle retention of 50% of natural loads to the oceans [Vörösmarty et al., 2003; Walling, 2006] . Among inland waters, reservoirs are now the most important OC sinks via sediment burial ($80% of the total load of 0.2 Â 10 9 tCy r À1 ), and are the most important contributor to CO 2 emissions ($40% of the total contribution of inland waters of 0.8 Â 10 9 tCy r À1 [Cole et al., 2007] ). Similarly, a substantial portion of inland removal of nitrogen (N) takes place in reservoirs ($30% of the total contribution of inland waters of $20 Â 10 6 tNyr À1 [Harrison et al., 2009] ). Finally, reservoir sediments have been shown to efficiently trap phosphorus (P) ; Bosch,2 0 0 8 ;Bosch and Allan,2 0 0 8 ; Haregeweyn et al., 2008] . Despite these global trends, individual dams may act temporarily as nutrient sources [Teodoru and Wehrli, 2005] . The disrupted transport of sediment, C, N, and P have profound consequences for downstream ecosystems, including sensitive wetlands and deltaic systems [Finger et al., 2006 [Finger et al., , 2007 McCartney, 2009; World Commission on Dams, 2000] .
[3] While the global rate of large dams construction has slowed, planning for and construction of new dams continue in developing regions, and sub-Saharan Africa in particular [Bartle, 2002; Hydropower and Dams, 2001] . In these river basins, dam-related impacts will be superposed on predicted increases in anthropogenic loading of dissolved N and P in river basins draining economically developing regions Harrison et al., 2005] .
[4] Meanwhile, our knowledge about how subtropical and tropical ecosystems will respond to and process higher nutrient loads is limited because of a lack of data and limited biogeochemical studies in these systems. Global biogeochemical models are better constrained in temperate regions, and have greater predictive power in economically developed regions [Seitzinger et al., 2010] . Moreover, such studies focus on riverine transport to the coasts and depend on relatively coarse parameterizations of biogeochemical processes within the basins. Given the importance of reservoirs in altering biogeochemical cycles and in affecting downstream ecosystems [Richter et al., 2010] , there is a strong need for studies aimed at improving the understanding of biogeochemical processes in tropical reservoirs .
[5] Against this background, the Zambezi River Basin (ZRB, Southern Africa; Figure 1 ) is a particularly interesting example. The ZRB, the fourth largest river basin in Africa, is already fragmented by four large hydropower schemes. Nevertheless, only $20% of the ZRB's hydropower potential is currently utilized, and there are several new dams or dam expansions at various stages of advanced planning [Denconsult, 1998; Shela, 2000] . Economic development, population growth, and dam construction in the ZRB will most likely result in a shift toward a more industrialized river system with higher dissolved and decreased particulate nutrient transport [Yasin et al., 2010] . Daminduced impacts on ecosystems in the ZRB, as well as socioeconomic aspects of water resources management, are being examined within the African Dams Project, which includes the present study (available at http://www.cces. ethz.ch/projects/nature/adapt/).
[6] In this study, we explored the effects of tropical reservoirs on biogeochemical cycles by studying the Itezhi-Tezhi Reservoir (ITT) located in the lower Kafue River, the largest tributary of the Zambezi River (Figure 1) . Dam operation at ITT has negatively impacted the Kafue Flats (Figure 1 ), a high-value and vulnerable floodplain ecosystem situated immediately downstream from the dam [Mumba and Thompson, 2005] . While hydrologic changes after dam closure have been identified as a main cause for the ecological degradation [McCartney and Houghton-Carr,1 9 9 8 ; Mumba and Thompson, 2005] , there has been limited systematic research into dam-induced changes to particle, C, N, and P loads. The goals of this study were to quantify the removal of particles, C, N, and P by ITT, and estimate alterations to C and nutrient cycling through internal processes within the reservoir. Sediment cores were collected at multiple locations throughout the reservoir to quantify sedimentation and the accumulation of C, N, and P in sediments. Water column measurements of dissolved oxygen (DO), temperature, and nutrients over an annual cycle were used to assess internal cycling. Basic mass balances were estimated for C, N, and P, and a biogeochemical numerical model was developed to simulate internal cycling of C, N, and P under current operating conditions. The model was also used to assess the sensitivity of water quality to a future change of operating rules duetonewturbineinstallations. [7] ITT was created after damming the Kafue River in 1978 for the main purpose of providing additional discharge during the dry season to the downstream Kafue Gorge Dam (Figure 1 ) [Obrdlik et al., 1989] . The reservoir has a surface area of 364 km 2 , a volume of 5.4 km 3 , and maximal depth of 50 m at upper storage level [McCartney and HoughtonCarr, 1998; Obrdlik et al., 1989] . With a mean outflow of 250 m 3 s À1 (ZESCO, unpublished data, 2009; Figure 2) , the hydrologic residence time is $0.7 yr. ITT is almost exclusively fed by the Kafue River, as it contributes >90% of total inflows (ZESCO, personal communication). The surface water level fluctuated between 1024.8 and 1030.5 masl during the study period -2009 (mean ¼ 1028 .9 masl ZESCO, unpublished data, 2009 . Little is known about ITT's biogeochemistry; Obrdlik et al. [1989] described the reservoir as oligotrophic . Mumba and Thompson [2005] reported negative ecological impacts of ITT on the downstream Kafue Flats, including a decrease in biodiversity due to the spreading of invasive plants, which in turn deteriorated the habitat for endemic wildlife and jeopardized subsistence farming.
Study Site
[8] Under current operating conditions, water is almost exclusively discharged from the surface through spillways, with rare bottom water withdrawals during low storage (ZESCO, unpublished data, 2009 ). In the near future, turbines will be installed in existing diversion tunnels, and bottom water releases will be used to generate hydropower [Scott Wilson Piésold Consulting, 2003 ].
Methods

Field Measurements and Sampling
[9] Sampling took place between July 2007 and June 2009 during nine field campaigns at stations along the thalweg of the two major inflows (Figure 1 and Table S1, available as  auxiliary material) . 1 To analyze water quality, we collected water samples at 5-10 m depth resolution using a 5-L Niskin bottle. Kafue River inflow water was sampled upstream at Hook Bridge, 80 km upstream of ITT, and immediately downstream from ITT Dam at station K1 between April 2008 and February 2009 (Figure 1) . Water samples for nutrient analysis were stored in polyethylene containers, cooled immediately after collection, and frozen within 5 hr. To analyze dissolved fractions we filtered the water samples immediately after collection using cellulose-acetate disc filters prerinsed with nanopure water and a pore size of 0.45 mm (FP30/0.45CA, Whatman). pH was measured immediately after sampling with a Metrohm pH meter. For measuring dissolved methane (CH 4 ), water was collected in air-tight glass vials and poisoned with copper dichloride (CuCl 2 ). ), which is larger than the discharge available for turbination (longterm mean outflow equals 250 m 3 s
À1
).
1 Auxiliary materials are available in the HTML. doi:10.1029/ 2011WR010996.
[10] Profiles of temperature, DO, conductivity, and turbidity were recorded using a conductivity-temperature depth probe (CTD; CTD60M, Sea and Sun Technologies). Absolute DO concentrations were determined with the Winkler method for CTD oxygen calibration. Continuous records of water temperature were obtained from three thermistors (Minilog, Vemco; logging frequency at 1 hr) moored at station IT1 (deepest site in front of the dam; Figure 1 ). The position of the uppermost thermistor was 6 m below surface level with two additional loggers located at 2 and 34 m in height above the bottom (i.e., at 48 and 16 m depth relative to the maximum surface level, respectively).
[11] Sediment cores were collected at eight sites along the thalweg of the original river channels (Figure 1 ) in July 2007 and May 2008 using a gravity corer (UWITEC) equipped with 6.3 Â 60 cm PVC tubes. To minimize disturbance during transport, the tubes were immediately sealed and kept upright. After shipping to Switzerland, cores were stored at 4 C until processing. Wet bulk density (WBD) was measured on integral cores with a core logger (Multisensor, Geotek) at a 5-mm downcore resolution. Subsequently, cores were split vertically, photographed, and subsampled at 1-cm depth intervals. These samples were freeze-dried, homogenized, and retained in plastic containers for geochemical analysis. The mass of dried samples divided by the volume of the respective core segment resulted in the dry bulk density of the sediment sample.
[12] Cylindrical sediment traps were moored at site IT1 ( 
Sample Analysis
[13] Water samples were analyzed colorimetrically for the dissolved inorganic N (DIN) species NO , and soluble reactive P (SRP) by applying standard methods [DEW, 2004] . After introducing a 25% headspace volume of N 2 , dissolved CH 4 was measured on a gas chromatograph (6890N, Agilent) equipped with a flame ionization detector.
[14] Total N (TN) and total P (TP) of water, sediment core, and sediment trap samples were measured photometrically after a K 2 S 2 O 8 digestion at 120 C for 2 hr [DEW, 2004] . Total C (TC), and TN and C stable-isotope composition (d 13 C; expressed in the d-notation according to Vienna Pee Dee Belemnite) of sediment samples was determined with an elemental analyzer (NC2500, Thermaquest) coupled with a continuous flow isotope-ratio mass spectrometer (Isoprime, Micromass). Measurements of inorganic C (CM 5012 CO 2 coulometer, UIC Coulometrics) on $20% of all sediment samples confirmed that TC mainly consisted of organic C (>99%). Hence, measured TC was hereafter considered as total organic C (TOC) and isotopic ratios as OC-d 13 C.
Data Analysis
[15] To estimate sediment loading, the ITT's surface was divided into 16 subsectors ( Figure 1 ) and an appropriate sediment accumulation rate (S acc ) was applied to each area (see auxiliary material for a detailed description of this approach). Multiplying the S acc for each sedimentation sector with mean OC, TN, and TP concentrations of their respective cores resulted in OC, N, and P accumulation rates (C acc ,N acc , and P acc ), respectively.
[16] The output loads of TN, DIN, TP, and SRP were estimated using measured water column concentrations in the depth zone of 0-10 m at IT1 and daily discharge records at the spill ways measured on a daily basis by dam operators (Figures 1 and 2) . Similarly, riverine inputs were estimated using the total inflow of 10.4 km 3 for the August 2008-July 2009 period (Figure 2) , and mean concentrations determined from samples collected at Hook Bridge (Figure 1 ; [Wamulume et al., 2011] ). Mean concentrations were used because there was no correlation between concentrations and flow rates, and because of limited data availability. The uncertainty estimates for output and input loads are based on the standard deviations of the mean concentrations and an assumed uncertainty of 20% for discharge.
[17] The mineralization rate in the hypolimnion (depth <1010 masl) was estimated as the areal hypolimnetic mineralization rate (AHM), which is calculated from the rate of change of the equivalent DO content, and considers both aerobic and anaerobic mineralization. Neglecting a few minor processes (oxidation of Fe 2þ ,M n 2þ ,a n dN O À 2 ) the concentration of DO equivalents was calculated as [Matzinger et al., 2010] . We corrected the AHM by accounting for the contribution of downward DO fluxes from the epilimnion due to turbulent diffusion using the approach presented by Matthews and Effler [2006] .
Biogeochemical Reservoir Modeling
[18] To model reservoir-internal biogeochemical cycles, we adopted the existing model BELAMO [Mieleitner and Reichert,2008; Omlin et al., 2001a Omlin et al., , 2001b , which has been successfully applied to various lake types [Mieleitner and Reichert, 2006] , and used for scenario modeling [Matzinger et al., 2007a [Matzinger et al., , 2007b . Our version of BELAMO (hereafter called ''RES1'') was run using the lake compartment of the AQUASIM modeling platform [Reichert, 1994] . RES1 simulates the state variables temperature (T), NO
SRP, total phytoplankton, total zooplankton, and dead organic matter (OM), and includes the biogeochemical processes of growth, respiration, and death of phytoplankton and zooplankton, P removal by adsorption to sinking particles, and water column and sediment mineralization. The main differences between RES1 and BELAMO are summarized below and a more detailed description including the calibration procedure is given in the auxiliary material (Figures S1 and S2, Tables S2-S6).
[19] In a first step, RES1 was adapted to the physical conditions of ITT. The ITT's mixing and thermal stratification were parameterized by adopting separate diffusivities for the epilimnion, the metalimnion, and the hypolimnion to fit measured T profiles over the course of 1 yr. Inflow and outflow hydrographs were based on daily discharge data (ZESCO, unpublished data, 2009;  Figure 2 ). AQUA-SIM automatically generates additional inflow when the outflow is larger than the inflow, and vice versa, since the software does not allow variable surface water levels.
[20] In a second step, we applied changes to biogeochemical parameters and processes ( Figure S1 ). The sediment was parameterized according to the approach by Matzinger et al. [2007b] , who limited sediment mineralization to settling OM reaching the sediment-water interface. Since anthropogenic nutrient loadings to ITT are expected to be lower than in the lakes of the original models, we anticipated stronger nutrient limitation of phytoplankton growth, particularly in terms of a relatively low DIN availability. We therefore introduced a process modeling N-fixation according to the approach by Kiirikki et al. [2001] .
[21] An anticipated difference between ITT and previously simulated lakes and reservoirs was the relatively high proportion of allochthonous material loaded to ITT whose elemental composition and lability are likely to differ substantially from autochthonous OM. We therefore separated OM into two state variables ''allochthonous OM'' and ''autochthonous OM'' allowing us to monitor the relative effects of the two sources for internal cycling ( Figure S1 ). Furthermore, we assumed that the OM accumulating in the sediments remains available for mineralization over extended periods, according to the multi-G model of OM mineralization due to varying degradability [Berner,1 9 8 0 ; Westrich and Berner, 1984] . The resulting release of reduced substances exerts a DO demand during aerobic conditions, which is accounted for by an additional process (hereafter referred to as ''background mineralization'').
[22] For evaluating the future changes in riverine C, N, and P transport induced by bottom water releases through turbines, we conducted model runs incorporating a second deep-water outlet in addition to surface water spillage. According to the planned operation rules, a maximum of 306 m 3 s À1 can be turbinated ( Figure 2 ; [Scott Wilson Piésold Consulting, 2003] ). Hence, if available, this amount of discharge was diverted through the turbine outlet in RES1, and excess discharge was spilled from the surface.
Results
Sediment, Carbon, and Nutrient Deposition
[23] Net accumulation of solids, OC, N, and P in the sediments of ITT was quantified based on data from sediment cores collected at the eight stations listed in Table 1 . The lengths of the entire cores varied between 12 (IT4) and 57 cm (IT6). The cores collected at IT1, IT2, IT7, IT10, and IT11 featured dark, blackish sediment with intermittent lighter bands, layered on top of homogenously colored, lighter gray deposits ( Figure S3 ). This zone of distinct color change coincided with a strong downcore increase in WBD, decreasing OC, TP, and TN concentrations, and increasing C:N and d
13 C values (e.g., at $30 cm depth in IT11, Figures 3 and S4) . Altogether, these abrupt changes in the sediment core profiles indicate that there was a shift in the sedimentation regime from predam to lake-like conditions that would have occurred around 1978, the year of dam closure. Based on the cores' compositional changes and locations (>10 km distance from main river inlets; deep areas of ITT), they are hereafter referred to as lacustrine cores, and the two vertical sediment sections are called ''predam'' and ''postdam.'' [24] In cores collected at the stations closest to the main river inlets (IT4, IT6, and IT9), hereafter referred to as riverine cores, the 1978 horizons were not readily discernable, most notably in the lack of a strong downcore increase in WBD (Figures 3 and S4) . Thus, based on this absence of a change in WBD, it is possible that these cores from IT6 and IT9, despite being the longest of the entire set, did not capture the entire thickness of postdam deposits. It is also likely that the corer was stopped by denser predam sediment or soil layers, in which case the majority of postdam sediments were retrieved. At all stations, dividing the thickness of the postdam sediment section by the elapsed time period between coring and dam closure, and multiplying by the dry bulk density, yielded mean sediment accumulation rates for the individual coring sites that range from 420 to 4900 g m À2 yr À1 (Table 1 ). The maximum value may be an underestimate because of the potentially incomplete cores at IT6 and IT9.
[25] At lacustrine stations, postdam sediments had significantly higher-mean concentrations of OC, TP, and TN and significantly lower C:N and d
13
C values compared to predam sediments (t-tests on individual core data sets, p < 0.001). This difference is consistent with a shift to a lake-like sedimentation regime resulting in the accumulation of autochthonous OM that is characterized by relatively low C:N and d Table 1) .
[26] Sediment accumulation rates (S acc ) were highest near the Kafue River mouth and decreased exponentially toward the dam (Figure 4) . Along the transect extending from the dam toward the Musa River mouth, S acc remained almost constant. The total sediment load that settles in ITT summed to 330 6 87 Â 10 3 ty r À1 , which is equivalent to an area-averaged sediment accumulation rate of 900 6 240 gm À2 yr
À1
.C acc ,N acc , and P acc varied similarly to S acc with distance from the dam (Figure 4) . The integrated net sediment loadings of OC, N, and P amounted to 16 6 5.5 Â 10 3 , 1.5 6 0.5 Â 10 3 , and 0.20 6 0.07 Â 10 3 tyr À1 , respectively.
[27] The mean settling particle flux estimated from three sets of sediment trap deployments positioned near the dam (IT1) between May 2008 and June 2009 was 790 6 230 gm À2 yr À1 (Table 2 ). There was no systematic variation in the collected masses between the three deployment periods or between the individual traps installed at three different depths (Table 2) . There were also only small variations in the mean d 13 C and C:N values (À25.8 6 0.5%, 9.7 6 0.5, respectively). Mean concentrations were combined with particle fluxes to yield C, N, and P settling fluxes (Table 2) , which were larger than their respective accumulations in sediment cores at IT1 by a factor of $2 (Table 1) . The lower C:N and d
13
C of the sediment trap samples compared to sediment cores from the same area (Table 1) indicate that they contained a higher contribution of autochthonous OM [Meyers and Teranes, 2002] . Estimated by using the mean dry bulk density from the adjacent cores (IT1 and IT11). Estimated by using the dry bulk density from core collected at IT9. i Mean values according to integrated sedimentation model.
Spillway Outputs and River Inputs
[28] Having quantified C, N, and P losses via removal to ITT's sediments, we next estimated export to downstream systems as well as riverine loading to ITT. TN consisted primarily of organic N and only a few percent of DIN (Figure 5) . Thus, DIN export (210 6 110 t N yr , respectively), indicating that the majority of P was present as SRP and organic P or mineral phases were of minor importance. Export loads of TP and SRP from ITT were 140 6 76 t P yr À1 and 99 6 32 t P yr À1 , respectively. The mass loads calculated from concentrations measured at station K1 immediately downstream from the dam [Wamulume et al., 2011] are consistent with the above estimates (TN: 3900 t N yr [29] TOC and dissolved OC (DOC) export were estimated from measurements at K1 (8.5 6 4.5 mg TOC l À1 and 3.1 6 0.27 mg DOC l À1 [Wamulume et al., 2011] ), because OC concentrations were not available for multiple dates for the ITT water column. The resulting export load of TOC amounted to 110,000 6 63,000 t C yr
À1
, of which 40,000 6 8800 t C yr À1 was DOC.
[30] To estimate riverine input loads, concentrations at Hook Bridge were used, and were found to be comparable to outflow concentrations for TOC (10 6 8.0 mg C l ), and SRP (0.009 6 0.005 mg P l À1 [Wamulume et al., 2011] ). As a consequence of sparse data, the input loads were not well constrained: 100,000 6 86,000 t TOC-C yr
,32,0006 11,000 t DOC-C yr 
Internal Cycling
[31] Profiles of temperature and DO, as well as thermistor temperature records from station IT1, show consistently that there was a short period of deep convection between late July and early August, followed by restratification by mid-August (Figure 6 ). After the onset of stratification, oxygen concentrations decreased steadily in the hypolimnion, with anoxic conditions developing by December. Profiles at IT1 were representative for the entire ITT, as evidenced by only minor horizontal heterogeneity observed on several dates in profiles along transects toward the Kafue and Musa River inlets (Figures S5-S8 ; dates and locations are given in Table S1 ).
[32] Nutrient concentrations were low in the epilimnion throughout the year, while hypolimnetic concentrations of NH þ 4 and SRP increased over the course of the stratified period ( Figure 5 ). During the period of gradual DO depletion in the hypolimnion from August to December, only minor increases occurred in the concentrations of the mineralization products NO water column during this period had only a minor effect on overall TN concentrations, since particulate and dissolved organic forms dominated TN ( Figure 5) . A marginal (10%) increase in the mass of total TN was observed in the hypolimnion during the stratified period, mainly caused by the increase of NH þ 4 . On the other hand, the hypolimnetic storage of SRP and TP (SRP % TP, data not shown) increased by a factor of $4 during the stratified period.
[33] The hypolimnetic mineralization rate (i.e., AHM) was calculated as the rate of change in DO equiv , as defined in equation (1) . This modest increase is in the range of the estimated error [Matzinger et al., 2010] . After the onset of anoxia, CH 4 (concentrations up to 77 mM; data not shown) formed the largest portion of DO equiv ($70%), while NH þ 4 contributed the remaining $30%. The last two data points of the measurement period (i.e., May and June 2009) were not included in this calculation, because gradual erosion and deepening of the thermocline had mixed oxygen-rich surface waters into the upper hypolimnion (Figures 6b and 7) and had already caused oxidation of reduced substances. S(ÀII) was not included in the calculation of AHM because of a lack of data. S(ÀII) was clearly present in some anoxic hypolimnetic water samples, as its odor was detected during sampling. An upper bound for possible S(ÀII) concentrations is 200 mM, on the basis of mean SO 2À 4 concentration in the water column during the study period (data not shown). Using this upper bound S(ÀII) level, the AHM would increase by <10%. Hence, the error introduced by neglecting S(ÀII) is expected to be minor [Matzinger et al., 2010] .
Biogeochemical Modeling : Current Management Rules
[34] Profiles resulting from model simulations illustrate that RES1 accurately reproduced mixing and stratification, as well as DO ( Figure 5 ). Water temperatures closely followed the measured profiles, indicating that the downward mixing of heat, based on adjusted diffusivities in the epi-, meta-, and hypolimnion, were adequately estimated. The biogeochemical processes in RES1 (e.g., primary and secondary production, mineralization of dead OM) captured the observed oxygen depletion and the build-up of nutrients (SRP, NH þ 4 )in the hypolimnion during the stratified period ( Figure 5) .
[35] RES1 accurately reproduced outputs of DIN (within 1%, $210 t N yr À1 ). RES1 underestimated outputs of SRP by 30% (71 versus 99 t P yr À1 ), and of TP by 6% (130 versus 140 t P yr À1 ). Simulated OC outputs accounted for only 7% of the OC export based on measured concentrations (8000 versus 110,000 t C yr À1 ). This difference resulted from the fact that RES1 only considered relatively dense particulate OM, whereas allochthonous DOC and fine, nonsettling particulate OC were not included as state variables.
Discussion
Sources and Fates of Organic Matter, Carbon, and Nutrients
Organic Matter Provenance and Removal Rates
[36] Impounding the Kafue River at ITT altered physical and biogeochemical processes along the Kafue River, such that a fraction of the allochthonous OM from upstream systems is retained or mineralized in ITT, while new autochthonous OM is produced through primary production. In the absence of the dam, the allochthonous OM was transported to the downstream systems, and most of the autochthonous OM production in the reservoir would not have occurred. To assess the effects of ITT on the riverine transport of sediment, as well as C, N, and P cycling, it is necessary to quantify both the trapping and mineralization of OM in the reservoir, and the relative contributions of autochthonous and allochthonous material to mineralization and burial.
[37] The relative importance of allochthonous and autochthonous OM sources for sedimentation were estimated based on the elemental composition of sediment trap material. The settling particles were assumed to be a mixture of solids Figure 5 . Depth profiles of measured (symbols, dashed lines) and simulated (solid red lines) temperature (column 1), dissolved oxygen (column 2), total nitrogen (column 3), nitrate (column 4), ammonium (column 5), and phosphate (column 6) for the eight sampling dates (indicated to the right) during the simulation period (rows 1-8, see Table S1 ). Circles relate to measurements on water samples that were collected at stations illustrated in Figure 1 .
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9of16 having two end-member compositions, one that was primarily allochthonous material (using the composition of core IT9, OC % 50 mg g À1 ; Table 1 ) and a second that was primarily autochthonous OM (assuming Redfield composition, O Ci s3 6 0m gg À1 ). Based on these values, the OM in the sediment traps (OC % 92 mg g À1 ; Table 2 ) consisted of 14% autochthonous OM. Combining these estimates of autochthonous contribution with the sediment trap flux yielded autochthonous OM sediment accumulation rates of 5.5 g C m
, and 0.07 g P m À2 yr À1 in the vicinity of IT1. If constant primary production and associated sediment accumulation rates are considered over the entire reservoir surface [K i m m e le ta l . , 1990 ], these accumulation rates translate to autochthonous annual loads of 2000 t C, 170 t N, and 27 t P. The estimated C, N, and P autochthonous settling fluxes and loads represent gross sedimentation, prior to mineralization.
Mineralization and Internal Nutrient Loading
[38] OM undergoes mineralization while settling through the water column and mineralization continues after it is deposited in the sediments. RES1 predicted maximum hypolimnetic mineralization rates during March to May, due to peak inputs of allochthonous OM (higher discharge, Figure 2 ) and a concurrent peak in primary production ( Figure S9 ), and subsequent mineralization of allochthonous and autochthonous OM. As a result, the annual-averaged rate of total mineralization in RES1 was 30% greater than the measurement-based estimate of the AHM (0.67 6 0.18 versus 0.44 6 0.16 g DO equiv m À2 d
À1
, respectively), although this difference is within the uncertainty of the estimates. Other studies have shown that anaerobic mineralization rates in sediments can indeed be higher than aerobic mineralization rates, depending on the availability of labile OM [Maerki et al., 2009] . Overall, since ITT is heavily influenced by seasonally varying allochthonous inputs, its AHM may actually be highest during the anoxic period, in contrast to other, more autochthonous OM-driven systems with rather constant mineralization rates throughout oxic and anoxic periods [Matzinger et al., 2010] .
[39] Comparing the estimates for AHM with C acc , the burial efficiency (BE) of OC can be calculated to evaluate the role of ITT in removing OC by sediment burial and mineralization. Simulated and measured AHM translate to Redfield-equivalent OC mineralization rates, C miner ,o f7 0a n d 50 g C m À2 yr
, respectively. With a mean reservoir-wide C acc of 43 g C m À2 yr À1 and BE ¼ C acc /(C acc þ C miner ), the BE ranges between 38% and 48%.
[40] During mineralization, DIN and SRP are released, either directly to the water column by settling material, or by diffusion from the sediments. Generally, however, the observed rate of accumulation of these mineralization products is not directly proportional to the rate of mineralization. For instance, Caraco et al. [1990] reported a mean release of 0.003 g P (g C)
À1 across a range of lakes, which was substantially lower than a Redfield-derived estimate of 0.02 g P (g C) À1 . In ITT, the observed increases of SRP (29 t P; 0.01 g P [g C]
) and DIN (100 t N; 0.10 
) in the hypolimnion during the stratified period (Figure 5 ) also correspond to release rates that are substantially lower than would be expected based on the estimated AHM (0.44 g DO equiv m À2 d
) and Redfield stoichiometry. Given the importance of allochthonous OM loading to this system, the higher C:N and C:P for allochthonous material would tend to result in lower releases of N and P per unit OM mineralized. The seemingly inefficient release of P during mineralization may also be explained by settling particles scavenging SRP (e.g., hydrous ferric oxides [Hupfer and Lewandowski, 2008] ). The lower-than-expected DIN accumulation may be due to coupled nitrification-denitrification during oxic periods [Harrison et al.,2009; Maerki et al., 2009 ; Wollheim et al., 2008] , and anammox during anoxic periods [Schubert et al., 2006] . Hence, the difference between the maximum estimate for the seasonal N release (2500 t N, inferred from AHM equivalents) and the observed accumulation of N in the water column (100 t N, measured concentrations) may be considered as an upper-bound estimate for denitrification in the water column and the sediment-water interface of the hypolimnion (equivalent to 2400 t N; Figure 8 
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yr À1 is within the range of rates found globally and comparable to the rate found in other reservoirs of the ZRB, but an order of magnitude higher than the prediction from a global N removal model for lakes in the ZRB (Table 3) .
[41] From August to December, measured accumulation of DIN and SRP remained low, although DO concentrations were decreasing steadily in the hypolimnion (Figures 5 and  6b) . Since nutrient release and mineralization are stoichiometrically coupled in RES1, it was not possible to capture both the observed DO depletion and the low-nutrient releases if mineralization of autochthonous or allochthonous OM were the primary reductants, each having defined C:N:P. A similar issue was encountered in field measurements and estimated AHM, with the relatively low releases of DIN and SRP per unit OC mineralized (discussed above). Within RES1, the best way to address this issue was by invoking a background mineralization process that consumed DO (section 3.4) but did not release any nutrients. On average, the background mineralization contributed $50% to the total mineralization.
[42] From a conceptual standpoint, the background mineralization accounts for the oxidation of reduced substances originating from the ongoing mineralization of slowly degrading OM that may continue for years to decades after deposition in the sediments [Berner, 1980; Matzinger et al., 2010; Westrich and Berner, 1984] . The oxidation of methane, usually the most important end product of anaerobic mineralization in lakes, was shown to consume $50% of the DO flux into the sediments in other systems [Maerki et al., 2009] . The low release of N and P during this mineralization process might be explained in terms of the slowly degrading pools of OM being poor quality substrate that have high C:N:P, and that a high proportion of any released N and P is recycled and utilized by the sediment microbial community. It is also possible that the need to invoke such a process to explain $50% of total mineralization indicates that some aspects of the complex cycling of nutrients (e.g., coupled nitrification-denitrification, scavenging of SRP by settling iron particles), which RES1 does not explicitly address, are quite important in dictating net release of N and P to the water column.
Assimilation of Carbon and Nitrogen
[43] RES1 predicted a pronounced peak of phytoplankton abundance during the rainy season of the simulation period ( Figure S9 ). The phytoplankton bloom coincided with the maximum inputs of allochthonous OM and nutrients (illustrated by SRP inputs in Figure S9 ) being the main driver for phytoplankton growth. The simulated population collapsed prior to the peak availability of nutrients in April due to predation by zooplankton.
[44] Primary production in ITT and the associated assimilation of atmospheric C and N were estimated using the phytoplankton production predicted by RES1. The growth of simulated phytoplankton ( Figure S9 ) translated to an annual average areal primary production rate of 280 g C m À2 yr
À1
. This characterizes ITT as a mesotrophic reservoir according to the range of 95-340 given by Wetzel [2001] . The estimated primary production rate is comparable to estimates for the neighboring reservoir Lake Kariba (180 g C m À2 yr À1 [Cronberg, 1997] ). The RES1-derived rate can also be compared to the primary production inferred from historic chlorophyll-a measurements (mean $2 mgl À1 [Obrdlik et al., 1989] ). Assuming a photosynthesis rate of 4 g C (g chlorophyll-a) À1 hr À1 [Wetzel, 2001] , and limiting the trophogenic Global mean in reservoirs [Dean and Gorham, 1998 ] 22
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zone to the top 10 m of the water column (based on simulated phytoplankton concentrations), the chlorophyll-a measurements translate to a primary production of $500 g C m
, which is in the same order of magnitude.
[45] The low riverine DIN input leads to a low availability of N for phytoplankton growth in the trophogenic zone of ITT ( Figure 5) . Although there was an additional input of DIN becoming available for phytoplankton growth via the mineralization of allochthonous OM, N limiting conditions prevailed (i.e., bioavailable P was still overabundant). Consequently, N fixation was an important process in RES1, with fixed N being used to support $30% of primary production ( 
Relevance of the Itezhi-Tezhi Reservoir for Riverine Transport to the Downstream Wetland
[46] The quantified mass loads were incorporated into OC, N, and P mass balances as illustrated in Figure 8 and, together with modeling results, used to evaluate the role of ITT in altering the riverine transport of these species by removal and internal cycling. The measurement-based mass balances are used to estimate overall N and P removal efficiencies. Modeling results allowed for estimating the extent to which reservoir internal biogeochemical cycling, in particular primary production, affected spillway output loads to the Kafue Flats.
[47] For OC, TN, and TP, the summed loads from sediment accumulation and discharge through the outflow substantially exceeded Kafue River input loads. The differences, which amount to $25,000 t C yr À1 (24% of riverine inputs), $4100 t N yr À1 (110% of riverine inputs), and $240 t P yr
À1
(200% of riverine inputs), must be due to the underestimation of Kafue River inputs or unaccounted-for sources. It is not surprising that there would be some underestimation of the inputs to ITT given the limited data available and the pronounced seasonality in the Kafue River discharge. Dissolved and particulate inputs during flood pulses are generally difficult to quantify and easily underestimated [Cuffney and Wallace, 1988] . Moreover, even when more frequent sampling is applied, relative errors of input loadings typically reach $50% [Moosmann et al., 2006] .
[48] Having quantified inputs and sinks of N and P, the removal efficiency f rem of the sinks and inputs of these elements was estimated. N is either lost to the sediment by burial or to the atmosphere through denitrification, adding up to total sinks of $3800 t N yr À1 (Figure 8 ). Dividing this number by the total inputs of 7900 t N yr À1 yielded a N removal efficiency f rem of 49%. Using the same approach for P, total sinks, total inputs, and f rem account for 200 t Py r À1 , 340 t P yr
, and 59%, respectively (Figure 8 ). Both estimates for f rem of N and P in ITT are lower than recent estimates by our group for Lake Kariba, also located in the ZRB, and f rem of N is within global ranges for the reservoirs (Table 3 [ Harrison et al., 2009; Kunz et al., 2011] ). The difference in removal efficiencies between these two reservoirs is not surprising given that the hydraulic residence time of Lake Kariba (3 yr) is four times greater than that of ITT.
[49] The relatively high simulated amount of net C and N assimilation (59,000 t OC yr À1 and 10,000 t N yr
)c o mpared to loads illustrated in Figure 8 show the potential importance of internal cycling and assimilation to the overall C and N budgets of ITT. It also raises the question of the contribution of C and N fixed within ITT to the output loads. The importance of autochthonous OM to the export load of N and C from ITT depends on the balance between its fates, i.e., either internal losses (mineralization and burial) or loss through the outflow. In RES1, the losses of autochthonous OM (i.e., the sum of phytoplankton, zooplankton, and dead autochthonous OM) through the outflow summed to 5800 t Cy r
, or only 5% of the measured output load (Figure 8) . The magnitude of this outflow loss is considerably uncertain, owing to the uncertainties associated with the biological submodel. Nonetheless, either the primary production rate or its fractional export would have to be much higher (e.g., a factor of 5) before the export of autochthonous OM begins to play a substantial role.
[50] The relatively low contribution of autochthonous OC-to-TOC outputs from ITT also implies efficient internal recycling of autochthonous OM and associated nutrients. We assessed nutrient recycling in ITT by calculating the N and P recycling factors, is equivalent to assimilation/ losses, where losses are the sum of net sediment accumulation, outflow losses, and, for N, denitrification losses [Essington and Carpenter, 2000] . Integrated simulated phytoplankton growth resulted in a total uptake of 19,000 t N yr À1 and 2100 t P yr À1 ; loss loads are given in Figure 8 . Denitrification losses of autochthonous N are unknown; however, lower-and upper-bound estimates for N can be calculated by using the total denitrification losses (Figure 8 ) and by setting denitrification equals to 0, respectively. Using this approach, N ranged between 9 and 4. In the case of P, a value for P of 9 was estimated. These ratios are higher than typical values for temperate lakes (Table 3) , suggesting highly efficient internal nutrient recycling in ITT, as expected for tropical lakes and reservoirs [Kilham and Kilham, 1990 ]. An order of magnitude higher N assimilation compared to riverine inputs was also found in other tropical systems [Gardner et al., 1998 ].
[51] On a percentage basis, the unaccounted-for P inputs were substantially larger than for C and N (Figure 8 ). Dry and wet deposition may play an important role in P loading, as these pathways have been shown to deliver significant amounts of nutrients to the African Great Lakes [Bootsma and Hecky, 1993] . Hao and Liu [1994] stated that the burning of biomass in the tropics transports nutrient rich particles to the atmosphere, and predicted Savannah fires as a large source in Southern Africa. Extrapolating the sum of wet and dry deposition rates of TP from Lake Malawi [Bootsma et al., 1999] to ITT results in a load of 190 t P yr
. This load is comparable to the missing 240 t P yr À1 . Extrapolating wet and dry deposition rates of TP from Lake Kivu [Muvundja et al., 2009] , the atmospheric load would be in the same order of magnitude (800 t P yr À1 ). Assuming a mass N:P ratio of 4 in atmospheric deposits [Lewis, 1981] , the estimated TP deposition translates to 330-1500 t Ny r À1 for ITT, which is well within the error range of N inputs. Measurements of dry and wet N and P deposition on ITT would help constrain these potential inputs.
[52] In summary, the formation of ITT has resulted in a decrease in the transport of OC, N, and P by the Kafue River to the downstream Kafue Flats. This decrease was due to losses to the reservoir sediments, and losses to the atmosphere (for C and N) through efficient recycling of OM, and through increased denitrification. This effect was most pronounced for P, and for all three elements the effect was smaller than in other dam-impacted river systems [e. g., Bosch and Allan, 2008] . In comparison to the predam situation, OC, N, and P atmospheric inputs to the Kafue River may have increased after the formation of the ITT: C assimilation and N fixation increased due to a higher lacustrine primary production, and N and P atmospheric deposition may have increased due to an increased water surface. Consequently, a definite evaluation of how much these additional inputs compensated for losses caused by damming of the Kafue River would require direct measurements of net C and N assimilation, as well as N and P atmospheric deposition. Nevertheless, since measurementbased estimates of riverine inputs appear to be underestimates and a substantial portion of OM removed to the sediments is of riverine origin, we conclude that ITT indeed decreased the OC, N, and P inputs to the Kafue Flats.
Future Scenarios
[53] In a next step, we used RES1 to simulate changes in the output loads of N and P, as well as DO concentrations in the outflow, if a maximum of 306 m 3 s À1 of discharge are diverted through turbines, as suggested for ITT in the near future (Figure 2 ). For the simulation period 2008-2009, spillage would only occur between February and June, whereas the entire discharge would be turbinated during the remaining months ( Figure 2) . As $60% of the annual outflow is discharged through turbines in this scenario, the downstream water quality is determined to a great extent by the characteristics of hypolimnetic water. Riverine DO levels downstream from the dam will therefore be determined by the decreasing concentrations in the hypolimnion (Figure 6b ). Model runs indicate that DO concentrations of <1m gl À1 may persist during several weeks prior to the opening of the spillways in February (Figure 2) .
[54] Because of the hypolimnetic accumulation of DIN and SRP originating from mineralization, output loads of these substances increase substantially relative to the preturbines situation. ). In the case of N, these increases would cause a shift in outputs from predominantly organic N forms from the reservoir surface in the current preturbines situation to an increased proportion of mineralized inorganic N from the hypolimnion; for P, it means simply higher loads of SRP, since most P discharged from the epilimnion was already primarily as SRP (Figure 8) .
[55] Such substantially altered downstream water quality may have major effects on the downstream Kafue Flats, such as impacts of low-DO water on the system's important subsistence fishery. Increased productivity could also result due to higher DIN and SRP outputs. The potential increases in DIN and SRP are of the same order of magnitude as riverine loads within the Kafue Flats [Wamulume et al., 2011] , which illustrates the potential of these changes in affecting biogeochemical cycles in the floodplain. Using RES1 as a prediction tool, we plan to further explore changes in the outflow water quality under various dam management strategies and hydrologic forcings in a followup study.
Conclusions
[56] Our observations in Itezhi-Tezhi Reservoir (ITT) illustrate the potential of this moderate-sized reservoir (hydraulic residence time %0.7 yr) to substantially influence the transport of sediment, carbon (C), nitrogen (N), and phosphorus (P) from land to ocean by removing particulate matter and modifying biogeochemical cycles. The comparison of values derived from the ITT mass balances with literature values indicates that OC, N, and P removal and sediment accumulation rates are relatively low due to low external loadings, but comparable to other reservoirs in the Zambezi River Basin (Table 3) . Nonetheless, efficient nutrient recycling and relatively high-removal efficiencies suggest that the ITT has important impacts on carbon and nutrient cycling at local and regional scales.
[57] The biogeochemical model, RES1, provided important insights into reservoir-internal cycling. Simulation results suggest that the formation of ITT has substantially increased primary production, fixing large amounts of C (comparable to allochthonous inputs), and incorporating nutrients into autochthonous organic matter (OM). Since the availability of nutrients is generally low, N fixation was identified as an important process, needed to support $30% of total primary production. Furthermore, simulations suggest that internal turnover of autochthonous OM is fast, and therefore only a small proportion of autochthonous OM was lost through the outflow (<20%). Hence, >80% of autochthonous OM in ITT was buried in the sediment or mineralized. Future investigations in (sub)tropical reservoirs should focus on the composition and pathways of OM entering and leaving the system, and assess the extent to which different OM pools (e.g., dissolved versus particulate, and labile versus refractory) are processed within the reservoir or augmented by autochthonous OM. Using this approach in an upgraded RES1 version would result in a more realistic representation of OM including currently neglected dissolved and fine OM fractions. Moreover, RES1 could be conceptually improved by introducing a more detailed sediment compartment that accounted for slow degradation of OM and for the release of reduced substances, and by accounting for fluctuations of the surface water level.
[58] Simulation results of the effect of future operating rules at ITT, namely, bottom water withdrawal through turbines at the ITT Dam replacing surface water spillage, suggest that there will be substantial changes in the quality of discharged water. Consequently, four-and twofold higher output loads of DIN and SRP and 27% lower loads of OC are predicted. In addition, low-DO levels will occur in discharge water over prolonged periods. Hence, substantially altered downstream water quality with potentially negative effects on vulnerable ecosystems has to be taken into account when evaluating changes in the dam management strategy. 
Notation
